Introduction
Cyanobacteria are considered to have evolved as oxygen-evolving photoautotrophic bacteria more than two billion years ago (Schopf, 1993; Rozanov and Astafieva, 2009 ). They are now found in almost every place on the earth's surface including extreme environments, and currently represent a diverged and huge phylogenetic group (Pierson and Castenholz, 2001) . Their abilities to inhabit and survive in diverse environments apparently rely on versatile environmental sensing and signal transduction systems that modulate gene expression for acclimation.
The signal transduction modules generally found in bacteria are two-component systems (TCSs) composed of sensor histidine kinases (HKs) and response regulators (RRs) (Stock et al., 2000) . The HKs contain a sensing domain and a Hik domain as the basic architecture, and a conserved histidine residue in the Hik domain is autophosphorylated in response to some environmental changes. Subsequently, the phosphoryl group is transferred to a conserved aspartate residue in the receiver domain of cognate RRs. RRs change their conformation upon phosphorylation, which stimulates binding of the RRs to specific DNA sequences to activate or repress the regulatory target genes (Stock et al., 2000) . However, some RRs do not contain a DNA binding domain and are unlikely to influence transcriptional regulation.
The whole genome sequences of a number of cyanobacterial strains have been determined, and genes encoding components of the TCSs were typically found in each genome. Functional analyses of TCS proteins have been performed mainly in the model cyanobacteria Synechococcus elongatus PCC 7942 (hereafter referred to as S. elongatus) and Synechocystis sp. strain PCC 6803 (hereafter referred to as Synechocystis). In this article, we use the nomenclature in S. elongatus to refer to these TCS components. Orthologous clustering analysis of the TCS proteins indicated that their conservation among cyanobacteria differed from component to component, and only four HKs (Hik2, Hik34, NblS and SasA) and three RRs (RpaA, RpaB and Rre1) were almost perfectly conserved in all sequenced cyanobacterial strains (Ashby and Houmard, 2006; Rubin et al., 2015) . These highly conserved TCS proteins likely play major roles in the core part of environmental acclimation processes in cyanobacteria. In particular, Hik2, NblS, RpaB and Rre1 are essential for viability in cyanobacteria (Ashby et al., 2002; Rubin et al., 2015) and are found extensively, even in red and other algal chloroplasts that originated from a cyanobacterial endosymbiont (Hanaoka and Tanaka, 2010) .
Thus far, functional analyses of these components revealed that SasA-RpaA transduced the circadian clock information generated by the Kai complex to genomewide transcriptional oscillation in S. elongatus (Iwasaki et al., 2000; Takai et al., 2006) , and that NblS-RpaB regulated a number of genes that were responsive to a variety of stresses, including high intensity light and low temperature, by binding to the high light regulatory 1 (HLR1) sequence in both S. elongatus and Synechocystis (Kappell and van Waasbergen, 2007; Hanaoka and Tanaka, 2008; Moronta-Barrios et al., 2012) . However, characterization of the other three conserved components remains fragmental. The hik34 gene was genetically shown to be involved in the expression of heat shock-inducible genes in Synechocystis (Suzuki et al., 2005; Slabas et al., 2006) , and microarray analyses using knock-out mutants indicated that the Hik34-Rre1 module controlled the transcriptional activation of a subset of salt and hyperosmotic stress-responsive genes, which includes many chaperone genes, in Synechocystis (Paithoonrangsarid et al., 2004; Shoumskaya et al., 2005) . In addition, in Synechocystis, a recombinant Rre1 protein was shown to directly bind in vitro to promoter regions of adhA (a gene encoding alcohol dehydrogenase) and other genes, and heat and hyperosmotic stress-responsive adhA transcription was genetically dependent on rre1 as well as hik34 (Vidal et al., 2009) . On the other hand, an in vitro analysis using S. elongatus and Synechocystis proteins revealed that Hik2, but not Hik34, could phosphorylate Rre1 (Kato et al., 2012; Vidal, 2015; Ibrahim et al., 2016) , and a yeast two-hybrid analysis showed interaction of Rre1 with Hik2, but not with Hik34 in S. elongatus (Sato et al., 2007b; Kato et al., 2012) . Thus, both Hik2 and Hik34 are candidate kinases to phosphorylate Rre1, but the in vivo interactions still remain elusive.
In this study, we focused on the function of Rre1 in cyanobacteria, especially its role in regulating the heat shock transcriptional response. In cyanobacteria, the CIRCE/HrcA system was first proposed to explain heat stress-responsive transcriptional activation (Glatz et al., 1997; Nakamoto et al., 2003; Rajaram and Apte, 2010) . However, while the CIRCE (controlling inverted repeat of chaperone expression) element was found in the promoter regions of groESL-1 and groEL-2 in Synechocystis and negatively regulates their transcription by HrcA binding (Nakamoto et al., 2003; Rajaram et al., 2014) , similar regulation was not found for other heat shockinducible promoters, and heat shock induction was observed even in an hrcA mutant (Nakamoto et al., 2003; Singh et al., 2006; Rajaram and Apte, 2010) . Thus, the CIRCE/HrcA system is unlikely to be responsible for heat shock regulation in general. Other sequence elements responsible for heat shock induction, such as MARS and K-box, were proposed as relevant promoter cis-elements in several cyanobacteria Nakamoto, 2002, 2007; Sato et al., 2007a) , but their significance and the interacting protein(s) have not been investigated further. In addition, as noted above, Rre1 was shown to activate the heat stressinduced transcription of at least one gene, adhA, in Synechocystis (Vidal et al., 2009) . This result and other microarray analyses indicated that Rre1 could be generally responsible for heat stress-inducible transcription in cyanobacteria (Paithoonrangsarid et al., 2004; Shoumskaya et al., 2005; Novikova et al., 2007) . In this study, we used a genomics approach and demonstrated that heat shock induction of genes for major chaperones was directly under the control of the Hik34-Rre1 TCS module in S. elongatus, and proposed a general scheme for heat shock-inducible transcriptional regulation in cyanobacteria.
Results

Mapping of Rre1-binding sites on the S. elongatus genome
We analyzed the function of a highly conserved RR of cyanobacteria, Rre1, in S. elongatus. It was reported previously in Synechocystis that heat stress-dependent activation of adhA and adjacent genes was genetically dependent on rre1 and hik34, and that the Rre1 protein bound directly to the adhA promoter region in vitro (Shoumskaya et al., 2005; Vidal et al., 2009) . Thus, although adhA is not widely conserved in cyanobacteria and not found in S. elongatus, we considered that Rre1 could be involved in heat stress-inducible transcriptional activation in cyanobacteria, and examined this possibility in S. elongatus. Initially, we tried to isolate the deletion mutant for the rre1 gene but failed because the complete deletion mutant could not be isolated, as noted earlier (Takai et al., 2006; Sato et al., 2007a; Rubin et al., 2015) ; even the partial mutant was unstable (data not shown). Thus, we modified the chromosomal rre1 gene (Synpcc7942_1860) so as to express the Cterminal 33 FLAG epitope tag (FLAG)-Rre1 protein (see Experimental Procedures for detail). After confirming that the resultant strain (R1-F) showed no apparent change in the growth compared with the parental wildtype strain (WT) (Supporting Information Fig. S1 ), chromatin immunoprecipitation (ChIP) on tiling array analysis was performed to map the in vivo Rre1-binding sites to the S. elongatus genome. WT and R1-F cells grown under standard conditions were sampled before or after the heat treatment (45˚C for 15 min), treated with formaldehyde, and the cross-linked protein DNA complex was immunoprecipitated with anti-FLAG antibody after sonication. Precipitated DNAs from WT and R1-F were labeled with Cy5 and Cy3, respectively, and competitively hybridized with a custom-made ultra-high-density tiling array as the sets of WT/R1-F (before heat treatment) (Supporting Information Fig. S2 ) and WT/R1-F (after heat treatment) (Fig. 1A ) (Supporting Information  Table S1 ). As a result, 15 regions on the chromosome were identified as Rre1 binding sites, where hybridization signals were recognized as positive only when significant signals were obtained from multiple neighboring probes, as shown in Fig. 1 , Table 1 , and Supporting Information Fig. S3 .
Expression of Rre1-targeted genes in response to heat stress
For the 15 identified Rre1 binding sites (Table 1) , we examined the expression of adjacent genes by northern analysis in case the Rre1 binding site was mapped around a putative promoter region (Fig. 1B and Supporting Information Fig. S3 ). As a result, 10 genes, dnaK2, groESL-1 (co-transcripts of groES and groEL-1), groEL-2, hspA, htpG, orf7.5, rpoD2, Synpcc7942_0425 and Synpcc7942_2572, were found as heat stress inducible (Fig. 2B , Table 1 , and Supporting Information Fig. S4 ). We then focused on the promoter regions of dnaK2, groESL-1, hspA and rpoD2 genes for further analyses, because (i) dnaK2 and groESL-1 both encode major chaperones that are ubiquitously conserved among organisms, and have been shown to be essential for viability in S. elongatus (Nimura et al., 2001; Rajaram et al., 2014; Rubin et al., 2015) , (ii) hspA encodes a small chaperone protein considered to be important for photosynthetic function (Lee et al., 1998 (Lee et al., , 2000 Rajaram et al., 2014) , and it had the strongest positive signal in the ChIP on tiling array analysis and (iii) rpoD2 encodes a group 2 sigma factor involved in the genome-wide control of gene expression (Goto-Seki et al., 1999; Osanai et al., 2008) , which may affect the global transcriptome changes subsequent to heat stress. For these four promoter regions, we performed a ChIP-qPCR analysis and confirmed that Rre1 binding to these regions was dependent on heat stress, consistent with the ChIP on tiling array result. Interestingly, the time course of the Rre1 binding was different for each site (Fig. 2A) ; whereas the binding to hspA and groESL-1 remained rather constant after the temperature shift-up, and the binding to dnaK2 and rpoD2 peaked at 5 and 15 min after the shift-up respectively. These time courses for the interaction appear to correlate with the accumulation of each transcript, as detected by the northern analysis ( Fig. 2B and Supporting Information Fig. S4 ), suggesting that Rre1-DNA binding may be affected by interaction with other factors that may be different in each promoter.
Rre1 is phosphorylated under the heat-stress condition
Rre1 belongs to the NarL family of RRs, which share the N-terminal receiver and C-terminal DNA binding domains (Ashby and Houmard, 2006) . It was previously shown for Escherichia coli NarL that phosphorylation of the conserved Asp residue in the receiver domain resulted in separation of the N-terminal and C-terminal domains, and this conformational change induced DNA binding and transcriptional regulation (Eldridge et al., 2002; Zhang et al., 2003) . Because the corresponding Asp residue is conserved in Rre1 of S. elongatus, we examined whether the phosphorylation status correlated with Rre1-DNA binding. The in vivo phosphorylation status of RRs can be checked by electrophoresis of the cell lysates in Phos-tag gel and immunoblot analyses (Espinosa et al., 2015) . Here, the cell lysates were prepared from S. elongatus cells before and after the heat treatment as a time course and analyzed with Phos-tag gel and immunoblot with an anti-Rre1 antibody. As shown in Fig. 2C , while the total amount of Rre1 remained largely unchanged, the phosphorylated Rre1 increased within 5 min after the heat treatment and the increased level continued for at least 1 h in the WT strain. Thus, the accumulation of the phosphorylated Rre1 after the heat treatment was comparable to binding of Rre1 to the hspA and groESL-1 promoter regions ( Fig. 2A) . The phosphorylation site present in the Rre1 protein is likely unique because a unique Rre1-binding sites on the S. elongatus chromosome were mapped by ChIP on tilling array analysis ( Fig. 1 and Supporting Information Fig. S3 ). Peaks were considered significant only when two or more consecutive probes had a Cy5/Cy3 signal ratio of more than 2. A total of 15 Rre1 binding regions were identified. For each putative Rre1 binding site, the position and signal intensity of the peak, as well as the annotation of neighboring genes, are shown. The en dashes in the Descriptions column indicate intergenic regions. Arrows show the direction of transcription of the neighbor genes. Grey background indicates the positive regulation target genes of Rre1. Gene names and descriptions were retrieved from KEGG (http://www.genome.jp/kegg/) and CyanoBase (http://genome.microbedb.jp/cyanobase/).
shifted band was detected (Fig. 2C ). These results are consistent with the ChIP-qPCR results shown in Fig. 2A , indicating that phosphorylation activates the specific DNA binding.
Transcriptional activation in vivo by phospho-mimicked Rre1
Upon heat treatment, the phosphorylated form of Rre1 increased, which appeared to directly result in the specific DNA binding and transcriptional activation. To confirm this scheme further, the rre1 gene was mutated to express a variant of Rre1 (Rre1 D58E ) in which the predicted phospho-acceptor Asp-58 residue was changed to Glu, which mimics the phosphorylated Rre1 at Asp-58, under the control of an isopropyl-b-D-thiogalactopyranoside (IPTG)-inducible promoter, and positioned at the chromosomal neutral site. After confirming the IPTG-dependent protein accumulations (Fig. 3A) , the expression levels of the dnaK2, groESL-1, hspA and rpoD2 genes were A. Specific DNA-Rre1 interaction in vivo under the heat-stress condition. ChIP-qPCR analysis was performed using anti-FLAG antibody and whole-cell extracts prepared from the R1-F strain at the indicated times after the temperature shift-up. The levels of immunoprecipitated DNA for the hspA, dnaK2, rpoD2, groES and rpoD1 promoter regions were determined by qPCR and are given as percent recovery relative to the total input DNA, and expressed as means of the results of three independent experiments. Error bars indicate standard deviations. The y-axis indicates the relative Rre1 binding ratio normalized using the rpoD1 upstream region percent recovery. B. Levels of hspA, dnaK2, groESL-1 and rpoD2 transcripts after the temperature shift-up. Total RNAs were prepared from wild-type (WT), hik mutant (DH34 and DH2*) strains exposed to the heat-stress condition and subjected to northern analysis. Lanes 1-6 show the results after 0, 5 10, 15, 30 and 60 min exposure to heat stress (45˚C). The rRNA was the loading control. C. The Rre1 protein level and phosphorylation status under the heat-stress condition in wild-type (WT), hik mutant (DH34 and DH2*) strains. Proteins were separated by Phos-tag SDS-PAGE, and Rre1 proteins were detected using a custom-made rabbit anti-Rre1 polyclonal antibody. Lanes 1-6 show the results after 0, 5 10, 15, 30 and 60 min exposure to heat stress (45˚C). The phosphorylated and unphosphorylated Rre1 bands are indicated by filled and open arrowheads respectively.
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examined by northern analysis before and after the IPTG induction. The results showed that these transcripts accumulated after IPTG induction (Fig. 3B) . Similar induction of the WT Rre1 (Rre1 WT ) had no effect on the expression levels of these genes (Fig. 3B) , which confirmed the role of Rre1 phosphorylation in transcriptional activation.
Substitution of the chromosomal rre1 gene by the synechocystis orthologous rre1 gene
Because we were unable to delete the rre1 gene from the genome, we examined whether the Synechocystis rre1 ortholog could substitute for the S. elongatus rre1 gene. Interestingly, the substituted strain SynR1 could be stably constructed and maintained under the standard growth condition (30˚C) (Supporting Information Fig. S1A ), but could not survive under the heat stress condition (48˚C for 2 h) (Fig. 4A) . The expressed Synechocystis Rre1 protein was weakly phosphorylated even under the standard growth condition, but the phosphorylation level was not increased by the temperature shift-up (Fig. 4B) . As expected, the expression levels of the examined chaperone genes were maintained at a low level irrespective of the temperature shift (Fig. 4C) . These results are consistent with the idea that low level chaperone proteins are essential for viability under the standard growth condition, and increased expression is required to survive under heat stress conditions. It is interesting to note that the effect on the rpoD2 expression was rather weak as compared with others, which may suggest the presence of specific regulatory mechanism.
Effects of HK mutants on response to heat stress
Previous studies suggested the involvement of Hik2 and Hik34 in Rre1 phosphorylation in S. elongatus and Synechocystis (Sato et al., 2007b; Kato et al., 2012; Vidal, WT (a strain to induce Rre1 WT ) and NSHAR1 D58E (a strain to induce Rre1 D58E )) were grown at 30˚C and the proteins were induced by addition of 1 mM IPTG to the medium. Crude extracts were prepared at the indicated times, and samples were analyzed by immunoblot analysis. HA-tagged Rre1 proteins were detected by anti-HA antibody (Sigma, Munich, Germany), and the RpoD1 protein, which was used as an internal control, was detected by a custom-made anti-RpoD1 antibody (Seki et al., 2007) . B. Expression levels of hspA, dnaK2, groESL-1 and, rpoD2 transcripts after IPTG induction of Rre1 proteins. Total RNAs were prepared from the strains to induce Rre1 WT or Rre1 D58E at the indicated times after the induction, and subjected to northern analysis. Lanes 1-4 show the results 0, 30, 60 and 120 min after IPTG addition. The rRNA was the loading control.
2015; Ibrahim et al., 2016) . Thus, we genetically examined in S. elongatus the involvement of these HKs in the heat-induced transcriptional activation mediated by Rre1. While hik34 is a dispensable gene and a complete deletion mutant (DH34) was isolated, only a partial mutant was isolated for hik2 (DH2*), indicating that hik2 is an essential gene in S. elongatus. The results of the northern analysis showed that the heat-induced accumulation of dnaK2, groESL-1, hspA and rpoD2 transcripts almost disappeared in DH34, while their accumulation remained unchanged or was only a little alleviated in DH2* (Fig. 2B) . These data suggested that Hik2 and Hik34 could both be involved in Rre1 phosphorylation, although the contribution of Hik34 for the Rre1 phosphorylation was predominant under the heat stress condition examined. Accumulation of phosphorylated Rre1 in these mutants correlated with the accumulation of the heat-induced transcripts (Fig. 2C) , again indicating the major involvement of Hik34 in heat signaling.
Specific DNA binding of Rre1 in vitro While Rre1 binds to specific promoter regions in vivo, whether Rre1 alone can recognize and bind to these DNA regions remained to be examined. Thus, we analyzed the Rre1-DNA interaction in vitro. First, a recombinant Rre1 protein (Rre1 WT ) was overproduced and prepared using an E. coli system, and examined for DNA interaction by gel shift assay. However, we did not detect any interaction between Rre1 and DNA (data not shown), which we considered may be because the unphosphorylated protein was used. Therefore, we next prepared a phosphorylationmimicked form of Rre1, Rre1 D58E and checked for its specific binding to the promoter regions of dnaK2, groESL-1, hspA and rpoD2. The gel shift assay indicated Rre1 D58E bound to all four sequences (Fig. 5A ). Because the shifted band disappeared with the excess amount of competitive DNA but not with non-competitive DNA, the interaction was shown to be specific (Fig. 5B) . Rre1
D58E
-DNA interaction was also examined for other 11 sites identified by the ChIP on tiling array analysis, and these interactions were similarly confirmed (Supporting Information Fig. S5 ). To further analyze the Rre1-DNA interaction, the fragment of the hspA promoter region used for the gel shift assay was shortened from both ends so that the specific binding site was confined within the remaining 20 bp (Fig. 6A, B) . The transcriptional initiation site for the hspA promoter was determined as G, 32-bp upstream from the translational start site (Fig. 6C) . Thus, the Rre1-binding site was mapped from 270 to 289 bp upstream from the transcriptional start site (Fig. 6D) . Specific binding to the 20-bp sequence (270 to 289) was further confirmed using a synthetic double-strand DNA (Fig. 6E) , whereas the adjacent downstream sequence (250 to 269 bp) did not show any interaction, which indicated sequence-specific binding.
Discussion
Hik34-Rre1 module activates heat-stress inducible transcription
Rre1 is a universally conserved RR of cyanobacteria, but its physiological function remains elusive. In this study, the ChIP on tiling array analysis in S. elongatus A. High temperature sensitivity of the substituted (SynR1) strain compared with the wild-type (WT). The parental S. elongatus and SynR1 strains were streaked on two BG-11 agar plates, and one plate was exposed to high temperature (48˚C) for 2 h. The plates were then transferred to the standard growth condition (30˚C) and incubated for 4 days. B. Expression levels of the Synechocystis phosphorylated and unphosphorylated Rre1 proteins under the heat-stress condition in SynR1 cells. SynR1 cells were cultivated in liquid culture and the proteins were sampled at the indicated times. The expression level and the phosphorylation status of the Synechocystis Rre1 protein were analyzed by Phos-tag/immunoblot using anti-Rre1 polyclonal antibody. Lanes 1-6 show the results 0, 5, 10, 15, 30 and 60 min after exposure to the heat stress (45˚C). The phosphorylated and unphosphorylated Rre1 bands are indicated by filled and open arrowheads respectively. C. Expression levels of hspA, dnaK2, groESL-1 and rpoD2 transcripts under the heat-stress condition in SynR1 cells. Total RNAs were prepared from SynR1 cells at the indicated times during exposure to the heat stress and subjected to northern analysis. Lanes 1-6 show the results 0, 5, 10, 15, 30 and 60 min after exposure to heat stress (45˚C). The rRNA was the loading control.
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showed that Rre1 bound to promoter regions of major chaperone and other genes in a heat shock-dependent manner. While a previous and this study showed that it was impossible to isolate an rre1 knock-out or even knock-down mutant in S. elongatus (Takai et al., 2006; Sato et al., 2007a; Rubin et al., 2015) , binding of Rre1 to DNA induced by heat shock correlated well with Rre1 phosphorylation and promoter activation. Because the hik34 mutant lacked these heat shock-dependent responses, we concluded that the Hik34-Rre1 module is responsible for the inducible heat shock transcriptional response in S. elongatus. We identified 15 Rre1 binding sites; among them, 10 genes were shown induced by heat shock.
The rre1 gene was identified as an essential gene in S. elongatus, and this is explained by the finding that its regulatory target genes, such as dnaK2 and groEL-1, are essential for viability (Nimura et al., 2001; Sato et al., 2007a; Rubin et al., 2015) . Consistent with these results, we found that the chromosomal rre1 gene could be completely substituted by the rre1 gene from Synechocystis without losing viability ( Fig. 4A and Supporting Information Fig. S1A ). While heat-induced transcriptional activation was not observed in the resultant strain, basal expression of essential chaperone genes was likely sufficient to support viability (Fig. 4) . Notably, a complete rre1 deletion mutant has been isolated and used for analyses in Synechocystis (Paithoonrangsarid et al., 2004) , which could be explained by the presence of another mechanism in this strain to support basal expression of essential chaperone genes.
Sequence motif for the Rre1 binding
In a previous study, Rre1 was found to bind specifically to the adhA and sll1106 intergenic region in Synechocystis (Vidal et al., 2009; Vidal, 2015) , but the specific proteins (4.0 mM each) and 50 nM of the FITC-labeled DNA probe were incubated with a 5-or 50-fold molar excess of non-labeled fragments (specific or rnpB ORF fragment) and subjected to polyacrylamide gel electrophoresis. S and NS indicate the specific and nonspecific competitors. Open and filled arrowheads indicate the free probe and the Rre1 D58E -DNA complex respectively.
DNA sequence for Rre1 binding was not identified. Our results for the mapping of the hspA transcriptional start site in S. elongatus, suggested that the hspA promoter region contained a putative 210 TAGAGT box, but no apparent 235 box (Fig. 6D) . Thus, the specific Rre1 binding sequence was mapped from 270 to 289 bp upstream from the hspA transcriptional start site, where two directly repeated heptamer sequences (GTaCGGT and GTtCGGT) were found therein (Fig. 6D) . Interestingly, the GTTCGGT sequence overlapped with 5 0 -portions of the MARS sequence element, which were previously proposed as the cis-elements for the heat shock response (Sato et al., 2007a) . Because all of the proposed MARS sequences in S. elongatus that were found in the promoter regions of clpC, dnaK2, groESL-1, groEL-2 and hspA were part of the Rre1 binding sites identified in this study, we compared the 5 0 -portion of the MARS sequences and deduced a consensus sequence of GTnCGG(t/g) as a hypothetical Rre1 binding motif. This consensus sequence and similar sequences (allowing one base mismatch) were found consistently in the 15 Rre1 binding sites (Supporting Information Fig. S6 ), supporting the significance of the proposed sequence.
Cognate histidine kinases for Rre1 phosphorylation
It was reported in Synechocystis that the heat shock induction of the hspA gene was observed even in hik34 mutants (Suzuki et al., 2005; Cerven y et al., 2015) , which indicated the presence of the second alternative mechanism for the Rre1 phosphorylation. On the other hand, we showed here that the hik34 mutation almost diminished the heat shock induction of the examined genes in S. elongatus (Fig. 2B) , which could be explained by the weak contribution of the second mechanism in this strain. It was previously shown that another essential HK, Hik2, interacts with and phosphorylates Rre1 in both strains (Sato et al., 2007b; Kato et al., 2012; Vidal, 2015; Ibrahim et al., 2016) , which may suggest that the second heat-responsive mechanism in Synechocystis might have resulted from the phosphorylation of Rre1 by Hik2. It has been suggested that Hik2 is orthologous to CSK (chloroplast sensory kinase) from vascular plant chloroplasts, which was proposed to sense the redox status of the plastoquinone pool (Puthiyaveetil and Allen, 2009 ). Indeed, it was reported that, in Synechocystis, the induction of chaperone genes was affected by light as well as heat (Nakamoto et al., 2003) , and the former may directly affect the plastoquinone redox status. Future studies to reveal relevance of these elements will make clear the crosstalk between these two HKs.
Regulatory targets of Rre1 and the regulation
We found that major chaperone genes, such as dnaK2, groESL-1, groEL-2, htpG and hspA, were under the control of Rre1 in S. elongatus. The expression of these chaperone genes identified in this study were also found to be responsive to heat stress; thus, the hypothesis that Rre1 is responsible for the heat stress-induced transcriptional activation of major chaperone genes is well supported by the obtained results. It is interesting to note that the putative clpC promoter region was found to contain a Rre1 binding sequence, but heat-inducible expression of clpC was not detected (Supporting Information Figs. S3-S6 ). The orthologous clpC gene was shown to be heat inducible in Synechocystis , which may indicate some regulatory divergence between the strains. Besides these genes with known functions, two genes, Synpcc7942_0425 and Synpcc7942_2572, were also found to be under the control of Rre1. While the functions of these genes are still unknown, they are highly conserved among cyanobacteria and were shown to be essential for viability in a saturation mutagenesis analysis (Rubin et al., 2015) . A group 2 sigma factor gene rpoD2 was also found to be under the control of Rre1. While the heat stress-related function of rpoD2 has not been reported in S. elongatus, the orthologous gene in Synechocystis, sigB, was shown to be induced by heat shock, and a sigB mutant was sensitive to heat stress (Tuominen et al., 2006; Pollari et al., 2008) .
Mechanism of heat-stress inducible transcription in cyanobacteria
The mechanisms for heat shock transcriptional activation have been elucidated in both Gram-positive and Gramnegative bacteria and involves responsive sigma factors (r H and r E ) (Yura and Nakahigashi, 1999; Guisbert et al., 2008) and a transcription repressor protein (HrcA) (Schulz and Schumann, 1996; Yura and Nakahigashi, 1999) respectively. Because HrcA and the DNA binding CIRCE element were both found in cyanobacteria (Nakamoto et al., 2003) , it was first considered that these elements were responsible for the heat shock response in cyanobacteria. However, while HrcA was shown to repress the expression of groESL-1 and groEL-2 in S. elongatus under the standard growth condition, the CIRCE element was found only in the promoter regions of these genes (Nakamoto et al., 2003; Rajaram and Apte, 2010) . Moreover, a positive heat shock response was still detected for these groE genes, even in a hrcA deletion mutant of Synechocystis (Nakamoto et al., 2003; Singh et al., 2006; Rajaram and Apte, 2010) . Thus, HrcA-CIRCE regulation was not considered as the general mechanism for the heat shock response in cyanobacteria. Similarly, the transcriptional Role of response regulator Rre1 in cyanobacteria 269 regulator Sll1130 protein was shown to repress the expression of hspA and htpG under the standard growth condition and to be involved in the heat shock induction in Synechocystis; however, this regulation was considered to be specific for these genes (Krishna et al., 2012) . Therefore, the proposed Hik34-Rre1 module is the first candidate TCS that can explain the general positive heat shock response in cyanobacteria.
In this study, we have shown that, in S. elongatus, the Hik34-Rre1 TCS directly regulates a relatively small number of heat stress-responsive genes through the control of 10, or a little more, promoters. Transcriptome A. Schematic diagram of the probes used to identify the Rre1 binding site in the hspA upstream region by gel mobility shift assay. The gray box indicates the previously proposed conserved MARS element (Sato et al., 2007a) . Dashed box indicates the putative Rre1 binding region. Plus (1) and minus (2) signs indicate the interaction estimated from the results of gel mobility shift assay (Fig. 6B) . B. Interaction of Rre1 D58E with each probe. Purified Rre1 D58E proteins (0, 0.5, 1.0, 2.0 or 4.0 mM) were incubated with 50 nM of FITC-labeled probe and subjected to polyacrylamide gel electrophoresis. Open and filled arrowheads indicate the free probes and the Rre1 D58E -DNA complex respectively. C. Mapping the hspA transcriptional start site by primer extension. RNA was isolated from cells exposed to heat stress (45˚C) for 0 or 15 min. The cDNA was extended from the annealed primer DNA, and analyzed by 5% sequencing gel electrophoresis. The sequencing ladders T, A, C and G are indicated. The black arrowhead and asterisk both indicate the transcriptional start site. D. Structure of the hspA upstream region. Positions are numbered relative to the transcriptional start site (11) analyses have revealed that at least 10 times more genes, as compared with the direct Rre1-targets, are positively responsive to heat stress in Synechocystis (Suzuki et al., 2005; Singh et al., 2006; Rowland et al., 2010) and also in S. elongatus (our unpublished observation). Here, it is of note that the group 2 sigma factor gene rpoD2, that is under the control of the Hik34-Rre1 module in S. elongatus, is likely responsible for the subsequent genome-wide propagation of the heat stress response through the modification of RNA polymerase specificity (Tanaka et al., 1992) . We are currently conducting molecular genetics and genomics analyses to examine this possibility, with the aim of establishing the two-step model for the heat stress-responsive transcriptional regulation (Fig. 7) . We suggest that this cascade-like regulation could be conserved also in other cyanobacteria because all of the components are conserved among them.
In S. elongatus, rpoD2 was reported to be under the direct control of RpaA (Markson et al., 2013) , rather than Rre1 as shown in this study, and contributes to the propagation of a circadian rhythm into genome-wide transcriptional oscillation (Tsinoremas et al., 1996; Nair et al., 2002; Markson et al., 2013) . Thus, both Rre1 and RpaA possibly interact with and at the rpoD2 promoter region to integrate two distinct input signals, which may be relevant to the distinct dynamics of rpoD2 transcriptional activation subsequent to heat stress (Fig. 2B) .
Conservation in chloroplasts
As described above, four HKs and three RRs are highly conserved among cyanobacteria. Orthologs of Hik2, NblS, RpaB and Rre1 have also been found in Role of response regulator Rre1 in cyanobacteria 271 chloroplasts of red algae (Hanaoka and Tanaka, 2010) . Interestingly, the regulatory targets of Rre1, dnaK and groEL, are also conserved in these chloroplast genomes (Ohta et al., 2003) . Thus, Rre1 and these chaperoneencoding genes have likely been conserved as the regulatory set during symbiotic evolution. In a red alga, Cyanidioschyzon merolae, a Hik2 homolog, HIK, was identified as the only HK in the chloroplast (Hanaoka and Tanaka, 2010) , and was thus considered as an Rre1-cognate HK conveying light-dependent signals, as was found for the chloroplast sensory kinase CSK in vascular plants (Puthiyaveetil and Allen, 2009 ).
In conclusion, we have identified direct regulatory targets of Rre1 as major chaperone genes in S. elongatus. Thus far, heat-inducible transcriptional activation has been explained by derepression of negative repressors in cyanobacteria, but our results indicate that positive transcriptional activation is also critical for the regulation. Besides the heat stress information mediated by Hik34, Rre1 activity is also modulated by light information probably through Hik2. Integration of a light signal for the signaling pathway should be important for this photosynthetic organism, and future studies are needed to reveal aspects of chaperone-related regulation of the photosynthetic function. We also found a group 2 sigma factor, RpoD2, is under the control of Rre1 in S. elongatus, which could result in subsequent global changes in the transcriptome. Orthologs of Rre1 and RpoD2 are highly conserved among cyanobacteria; thus, the functional analysis of the regulatory cascade will open a new path for studies of cyanobacterial transcriptional regulation.
Experimental procedures
Bacterial strains, media and culture S. elongatus wild-type (WT) and its derivatives were grown in BG-11 (Rippka, 1988) liquid medium or on BG-11 solid medium containing 1.5% w/v agar at 30˚C with 2% CO 2 aeration under continuous fluorescent light (30 mmol photons/m 2 /sec). Cultures were supplemented with 40 mg ml 21 spectinomycin or 10 mg ml 21 kanamycin when required. As Fig. 7 . Two-step model of transcriptional regulation in response to heat stress in S. elongatus. Heat stress is sensed by Hik34, which activates the phosphorylation of Rre1. The phosphorylated Rre1 then binds to specific promoter sequences to activate the Rre1 regulon genes, including major chaperone-encoding genes and the group 2 sigma factor gene rpoD2. Rre1 can also be phosphorylated by Hik2, possibly in response to light or a plastoquinone redox signal. Subgroups of the Rre1 regulon genes can also be regulated by different mechanisms, such as negative regulations by HrcA or by Sll1330 in Synechocystis (shown in gray color). The rpoD2 gene encodes for the group 2 sigma factor RpoD2, the accumulation of which results in the substitution of the principal sigma factor RpoD1. RNA polymerase containing RpoD2 regulates the RpoD2 regulon genes to propagate the heat stress response.
the heat-stressed condition, liquid cell cultures were incubated in a 45˚C water bath.
Plasmid construction
All cloning procedures were carried out in E. coli DH5a using standard techniques. To construct a plasmid to overproduce the N-terminal His 6 -tagged Rre1 WT (His-Rre1 WT ), the rre1
WT open reading frame (ORF) was PCR amplified from S. elongatus chromosomal DNA with primers, prre1-F and prre1-R, and cloned into the BamHI-PstI site of pQE-80L (Qiagen, Valencia, CA) to make pQE-R1 WT . To introduce the D58E mutation into the rre1 ORF, the rre1 ORF was amplified as two parts with primer sets [prre1-F and D58E-R] and [D58-F and prre1-R] from S. elongatus chromosomal DNA. These two fragments were subjected to a joint PCR reaction, and cloned into the BamHI-PstI site of pQE-80L to make pQE-R1 D58E . To obtain templates of probes for the gel mobility shift assay, the 154-bp upstream franking region of hspA was PCR amplified with primer sets [hspAus-Pst1-F and hspAus-BamH1-R] and [hspAusBamH1-F and hspAus-Pst1-R] from S. elongatus chromosomal DNA, and cloned into the PstI-BamHI site of pUC119 (TaKaRa Bio, Tokyo, Japan) to make pUC-hspAus and pUC-hspAusR respectively. For the dnaK2, groES, and rpoD2 genes, the 178-, 200-and 250-bp upstream franking regions, respectively, were similarly PCR amplified with primer sets [dnaK2us-Pst1-F and dnaK2us-BamH1-R] for dnaK2, [groESus-Pst1-F and groESus-BamH1-R] for groES and [rpoD2us-Pst1-F and rpoD2us-BamH1-R] for rpoD2 from S. elongatus chromosomal DNA, and cloned into the PstI-BamHI site of pUC119 to make pUC-hspAus, pUChspAusR, pUC-dnaK2us, pUC-groESus and pUC-rpoD2us respectively.
Strain constructions Strains for Rre1
WT or Rre1 D58E overproduction. To obtain overexpression constructs for the N-terminal hemagglutinin (HA 2 )-tagged Rre1 WT and Rre1 D58E , the rre1 WT and rre1 D58E ORFs were amplified by PCR (with primers Orre1-F and Orre1-R) using pQE-R1
WT or pQE-R1 D58E as templates, and cloned into the BamH1-Pst1 sites of pNSHA to yield pNSHAR1 WT and pNSHAR1 D58E respectively. Mutants carrying Ptrc constructs were obtained following transformation with pNSHA, pNSHAR1
WT and pNSHAR1 D58E . The resulting mutants were named NSHAC, NSHAR1
WT and NSHAR1 D58E .
Hik mutants. To make a deletion mutant of the hik34 (Synpcc7942_1517) gene, the upstream and the downstream 0.7-kb regions of hik34 were PCR amplified from the chromosomal DNA using primer sets [hk34-F1 and hk34-R2] and [hk34-F5 and hk34-R6] respectively. A kanamycin resistance gene cassette was PCR amplified from pUC4K (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, England) using primers hk34-F1 and hk34-R6. These fragments were joined by recombinant PCR using primers hk34-F1 and hk34-R6, and used to transform the WT strain to make the kanamycin-resistant hik34 mutant. Complete deletion of the hik34 gene was confirmed by PCR, and the resulting strain was named DH34. We obtained a hik2 (Synpcc7942_0453) partial disruptant (DH2*) using the same procedure, except that the primer sets were from hk2-F1 to hk2-R6 instead of from hk34-F1 to hk34-R6.
R1-F strain. For the ChIP analysis, we constructed a strain in which the chromosomal rre1 gene was modified to express the Rre1 with three copies of FLAG at the Cterminus. The rre1 ORF and the 1-kb 3 0 -downstream franking region were PCR amplified from S. elongatus chromosomal DNA using primer sets [rre1-F1 and rre1-R2] and [rre1-F5 and rre1-R6] respectively. A spectinomycinresistant cassette was also PCR amplified from pNSHA using primers rre1-F3 and rre1-R4, and these three fragments were joined by recombinant PCR with primers, rre1-F1 and rre1-R6. The resultant fragment was used to transform the WT strain into a spectinomycin-resistant strain. Complete replacement of the rre1 gene was confirmed by PCR, and the resulting strain was named R1-F.
SyneR1 strain. A SyneR1 strain was constructed as the chromosomal rre1 gene was replaced by the Synechocystis orthologous rre1 gene slr1783. The 700-bp 5 0 -adjacent upstream and 1-kb 3 0 -adjacent downstream regions of the rre1 ORF region were each PCR amplified from S. elongatus chromosomal DNA using primer sets [slr1783-F1 and slr1783-R2] and [slr1783-F7 and rre1-R6] respectively. The Synechocystis rre1 ORF was also PCR amplified from Synechocystis chromosomal DNA using slr1783-F3 and slr1783-R4. A spectinomycin-resistant cassette was also PCR amplified from pNSHA ) using slr1783-F5 and slr1783-R6, and these four fragments were joined by the recombinant PCR with primers slr1783-F1 and rre1-R6. The resultant fragment was used to transform the WT strain into a spectinomycin-resistant strain. Complete replacement of the rre1 gene was confirmed by PCR.
ChIP-qPCR analysis
Preparation of whole cell extracts from S. elongatus cells, ChIP with mouse monoclonal antibodies to FLAG (Sigma, Munich, Germany), and quantitative polymerase chain reaction (qPCR) analysis were performed as described previously (Hanaoka and Tanaka, 2008) . The primer sequences used in this study are listed in Supporting Information Table S3 .
Design of whole genome high-density microarray
Customized whole-genome tiling array was designed using the Agilent eArray system (Agilent Technologies, Santa Clara, CA, USA) (https://earray.chem.agilent.com/earray/). The 60-mer oligo probes with four base-spacers were alternatively tiled on the whole S. elongatus genome, including the chromosome and the endogenous plasmid pANL. These probes were manufactured in a 44-K Agilent custom microarray format, hence providing an internal obligatory technical replicate (Design ID: 070585). ChIP on tiling array analysis For the ChIP on tiling array analysis, immunoprecipitated DNA samples isolated from R1-F/WT cells before or at 15 min after the temperature shift-up were labeled with Cy5 and Cy3 respectively. To identify segments of DNA specifically associated with Rre1 after the temperature shift, the Cy5-and Cy3-labeled DNAs were combined and hybridized to the custom-made tiling array. The Cy5/Cy3 signal ratio was measured and plotted against the corresponding position on the S. elongatus chromosome to create a Rre1 binding profile. Peaks were considered significant only when two or more consecutive probes had a Cy5/Cy3 signal ratio of > 2.
Purification of Rre1 proteins E. coli DH5a harboring pQE-R1
WT or pQE-R1 D58E were grown in 100 ml of LB broth at 30˚C. At a cell density of 0.5 OD 600 , IPTG was added to a final concentration of 1 mM and the growing temperature was shifted to 16˚C. After 24 h, cells were harvested by centrifugation, washed with a purification buffer [20 mM Tris-HCl (pH 8.0 at 4˚C) and 250 mM NaCl], and stored at 280˚C until use. For protein purification, frozen cells were suspended in 4.5 ml of purification buffer containing 100 mM PMSF (phenylmethylsulfonyl fluoride) and 100 mM DTT (dithiothreitol). After adding 500 ml of 10% Triton-X100, the cell suspension was kept on ice for 30 min and then lysed by sonication. After centrifugation at 15 0003g for 20 min at 4˚C, the resulting supernatant was mixed with 1 ml of 50% cOmplete His-Tag Purification Resin (Roche, Mannheim, Germany) and loaded onto a column. After washing with 10 ml of purification buffer, the column was washed with 10 ml of washing buffer [10 mM imidazole, 20 mM Tris-HCl (pH 8.0 at 4˚C) and 250 mM NaCl]. Proteins were then eluted with 2 ml of an elution buffer [150 mM imidazole, 20 mM Tris-HCl (pH 8.0 at 4˚C) and 250 mM NaCl], and dialyzed against a TGED buffer [10 mM Tris-HCl (pH 7.6), 50% glycerol, 0.1 mM EDTA and 1 mM DTT]. Rabbit polyclonal custom antibody against Rre1 was commercially prepared by Protein Purify Co. Ltd. (Isezaki, Japan).
Phos-tag acrylamide SDS-PAGE and immunoblot analysis
Immunoblot analysis was carried out as described previously (Seki et al., 2007) . In brief, 5 mg of protein extracts were electrophoresed on 10% polyacrylamide gel, transferred to an Immobilion-P membrane (Millipore, Billerica, MA, USA) using a semi-dry transfer apparatus, and processed by the standard immunoblot procedure. For detection, monoclonal anti-HA antibody (Sigma, Munich, Germany) or rabbit polyclonal RpoD1 antibody (Seki et al., 2007) were used at 1:10 000 dilution, and probed with antimouse-HRP (horse radish peroxidase) secondary antibody (Promega, USA) or anti-rabbit-HRP secondary antibody (Promega, USA). For Phos-tag analysis, 10 mg of protein extracts were electrophoresed on 10% polyacrylamide gel containing 25 mM of Phos-tag AAL-107 reagent (Wako, Tokyo, Japan) and 50 mM MnCl 2 , as described previously (Espinosa et al., 2015) . Other procedures were as in the immunoblot analyses described above.
Gel mobility shift assay
Gel mobility shift assay was carried out as previously described (Shimada et al., 2014) . DNA probes, hspAus, dnaK2us, groESus and rpoD2us, which included the 5 0 -adjacent sequences of each ORF (154, 178, 200 and 215 bp, respectively) and attached linker sequences, were prepared by PCR amplifications from plasmids, pUC-hspAus, pUC-dnaK2us, pUC-groESus and pUC-rpoD2us, respectively, with a common primer set [M13-F and fluorescein isothiocyanate (FITC)-labeled M13-R-FI]. The recombinant Rre1 D58E protein was incubated at 30˚C for 30 min with 1.5 pmol of DNA probe in binding buffer [10 mM Tris-HCl (pH 7.8), 150 mM NaCl, 3 mM Mg acetate and 25 mg ml 21 bovine serum albumin] in a final volume of 30 ml. After addition of DNA dye solution (30% glycerol, 0.25% bromophenol blue and 0.25% xylene cyanol), the mixture was directly subjected to 6% polyacrylamide gel electrophoresis (PAGE). Preparation of specific competitor DNAs was performed by PCR amplifications from plasmids, pUC-hspAus, pUC-dnaK2us, pUC-groESus and pUC-rpoD2us, with primers M13-F and M13-R. A DNA fragment from the rnpB gene region was used as a nonspecific DNA competitor, and prepared by PCR amplification from S. elongatus chromosomal DNA with primers rnpB-F and rnpB-R. For competition assays, the recombinant Rre1 D58E protein in gelshift buffer was pre-incubated with a 5-or 50-fold excess amount of unlabeled specific or nonspecific competitor DNA fragment at 30˚C for 10 min prior to incubation with the FITC-labeled DNA probe. For detailed analysis of the hspA upstream region, probes 1-8 were PCR amplified from pUC-hspAus using primer sets of FITC-labeled M13-R-FI and either hspAus-Pst1-F, hspAus2-F, hspAus3-F, hspAus4-F, hspAus5-F, hspAus6-F, hspAus7-F or hspAus8-F. Similarly, probes 9-16 were PCR amplified from pUChspAusR using primer sets of FITC-labeled M13-R-FI and either hspAus-Pst1-R, hspAus9-R, hspAus10-R, hspAus11-R, hspAus12-R, hspAus13-R, hspAus14-R or hspAus15-R.
Northern hybridization analysis
Total RNA was isolated from S. elongatus cells using the hot phenol method (Seki et al., 2007) , and northern hybridization analysis was carried out as described previously (Seki et al., 2007) . RNA samples (5 mg) were resolved on 1.2% (w/v) agarose gels containing 6% (w/v) formaldehyde, and blotted onto Hybond-N1 membranes (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, England). DNA probes were digoxigenin-labeled after being PCRamplified. The primer sets for the DNA probes are listed in Supporting Information Table S3 .
Primer extension analysis
Primer extension analysis was carried out as described previously (Imamura et al., 2003) . Oligonucleotides used in the primer extension analysis for the hspA gene was hspAPEx. The marker sequencing ladders (A, C, G and T) were obtained with the same primer and pEx-hspA, in which fragments containing the promoter region and the ORF (2200 to 189 bp, with respect to the transcriptional start site) were cloned into pUC119. Total RNA was isolated from S. elongatus cells before or after the temperature shift-up using the hot phenol method.
